1. Introduction {#sec1-cells-07-00250}
===============

Neuronal cell damage during cerebral ischemia or stroke is a serious neurological complication that limits survival and/or functional recovery \[[@B1-cells-07-00250]\]. Neuronal cells are highly vulnerable to many potent oxidants, such as reactive oxygen and nitrogen species (ROS and RNS, respectively). High concentrations of unsaturated fatty acids and low concentrations of oxidant scavengers are other factors that are favorable to catalyze free-radical formations and immature cells contributing to overall stress pathology \[[@B2-cells-07-00250]\]. The cascade of accumulation or depletion of stress factors is questionable, while, in cerebral ischemia or stroke, one or more of these factors either directly or indirectly predispose neuronal cells to death \[[@B3-cells-07-00250]\]. Hypoxia/ischemia, drug abuse, chronic use of sedative drugs, ethanol, and/or mechanical trauma are some of the conditions that can aid in irreversible neuronal cell death. Although there are various drugs and therapeutic interventions available for the treatment or management of ischemic damage or stroke, it is noteworthy that survival rate is low even in developed countries \[[@B4-cells-07-00250]\]. Many detailed studies in the recent past have characterized neuronal cell death well, and therapeutic interventions have had little or no impact on cellular recovery \[[@B5-cells-07-00250]\]. Cellular protection of damaged neuronal cells by resident populations of neural progenitor stem cells or mobilized progenitors does not offer insight into the failure to repair or protect the cells from death \[[@B6-cells-07-00250],[@B7-cells-07-00250]\]. On the other hand, neuronal recovery in neurodegenerative diseases cannot be clearly delineated due to additional factors such as abnormal protein dynamics, fragmentation of neuronal Golgi bodies, impaired axonal transport, and dysfunctional neurotrophins (NTFs) complicating neuron pathology \[[@B8-cells-07-00250]\]. Oxidative stress is the biochemical mechanism involved in neuronal ischemia and neuronal damage \[[@B9-cells-07-00250]\]. However, neuronal damage is also a characteristic pathology associated with many noninflammatory-associated neurodegenerative diseases.

The major players in oxidative stress (such as alterations of intracellular calcium homeostasis or ROS burden) need to be better understood in terms of the signals from neuronal cells that would affect resident or mobilized progenitor cells \[[@B10-cells-07-00250]\]. Ca^2+^ homeostasis, involvement of mitochondrial dysfunction, and impaired bioenergetics are basic physiological mechanisms of neuroinflammation and irreversible neuronal cell death. The classical understanding about mitochondria has been with respect to ROS as the target and source of mitochondrial dysfunction \[[@B11-cells-07-00250]\]. However, the function of mitochondria as an important intracellular calcium-buffering system aiding in the prevention of neuronal cell death has been very recently demonstrated in many other cellular models \[[@B12-cells-07-00250]\]. It may be noted that the process of neuroinflammation and apoptotic cell death is non-systemic, spanning simultaneous involvement of cellular entities and multiple factors like genetic, transcriptional, exogenous, and endogenous signals. Our previous experience on the regulation of Ca^2+^ and ROS for cell survival has contributed to the basic understanding of exogenous and endogenous signals affecting neuroinflammation \[[@B13-cells-07-00250]\]. The increase in the expression of proinflammatory cytokines and their cognate receptors has been well-demonstrated in many neurodegenerative diseases \[[@B13-cells-07-00250]\] for their role in mediating neuronal loss \[[@B14-cells-07-00250]\]. Further persistent inflammation in the periphery of non-neuronal cells (such as endothelial cells) has been shown to significantly penetrate the blood--brain barrier, thus further complicating gross pathology \[[@B15-cells-07-00250]\]. It is well known that, during neuronal ischemia, dopamine is released in a Ca^2+^-dependent process, which, in turn, results in oxidation-associated free-radical generation \[[@B16-cells-07-00250]\]. ROS (generated due to impaired bioenergetics resulting from proinflammatory cytokines and intermediates from mitochondrial dysfunction, such as α-ketoglutaric acid and/or the precursor of glutamate) act reciprocally to cause the sudden release of Ca^2+^ from Ca^2+^ stores (such as the endoplasmic reticulum). This, in turn, increases \[Ca^2+^\]~i~ concentration, resulting in high \[Ca^2+^\]~m~ and loss of mitochondrial membrane potential (ΔΨ~m~), resulting in mitochondrial-induced ROS that add to neuronal cell damage.

Though all these stress factors are initiated by proinflammatory cytokines, working in parallel to induce neuronal cell death, it may be noted that many cytokines have been associated with neuroprotection by modulating neuronal cell death. Further, we cannot neglect to mention the role of cytokines, along with pro-survival progenitor stem cell-mediated rescue, which has been the recent subject of extensive investigation in various disease models. There are very few studies particularly addressing mesenchymal progenitor (MSC) rescue of cortical neurons by protein kinase B (Akt) dependent antiapoptotic pathways \[[@B17-cells-07-00250]\]. Another interesting observation is that damaged mitochondria initiate MSCs to function in an antiapoptotic manner, which further formed the basis of our inclusion of Ca^2+^ and ROS to examine MSCs rescue functions \[[@B18-cells-07-00250]\]. The importance of intracellular calcium \[Ca^2+^\]~i~, ROS, and proinflammatory cytokines in the context of ischemic neuronal cell death and their rescue by MSCs need to be understood, and whether there is a coordinated direct relationship existing for cellular pathology and its reversal needs to be investigated. Therefore, in the current study, we investigated neuronal cell death mediated by elevated \[Ca^2+^\]~i~ levels and oxidative stressors such as ROS and proinflammatory cytokines that are modulated by MSCs cocultures in vitro.

2. Materials and Methods {#sec2-cells-07-00250}
========================

The study was undertaken at the Center for Stem Cell Research and Department of Microbiology and Clinical Parasitology, College of Medicine, King Khalid University, Abha, Saudi Arabia. Ethical clearance was obtained from the King Khalid University ethical committee, College of Medicine, approval letter REC \#2015-03-07 for the collection of umbilical-cord blood. SH-SY5Y (ATCC CRL-2266) cells were grown and sub-cultured with DMEM/F12 media supplemented with 10% fetal bovine serum, 2 mM of glutamine, and 1× penicillin and streptomycin. Cells were maintained at 37 °C at 5% CO~2~ and 95% humidity in a CO~2~ incubator.

2.1. Design of the Study {#sec2dot1-cells-07-00250}
------------------------

The neuronal differentiated SH-SY5Y cells were subjected to stress by oxygen glucose deprivation method. The hallmark factors that skew the neuronal cells to the stress mediated apoptotic death along with functional serotonin release were evaluated. MSC co-culture was attempted to rescue the skewed neuronal cells from the apoptotic death and possible functional restoration.

2.2. Neuronal Differentiation of SH-SY5Y Neuroblastoma Cells {#sec2dot2-cells-07-00250}
------------------------------------------------------------

We used the modified retinoic acid (RA) method described elsewhere \[[@B19-cells-07-00250]\] to differentiate SH-SY5Y cells into adult neurons. Briefly, 1 × 10^5^ low passage \[[@B7-cells-07-00250],[@B8-cells-07-00250],[@B9-cells-07-00250]\] SH-SY5Y cells were plated in a 35 mm^2^ tissue culture-treated dish in 2 mL basal growth media and incubated overnight for adherence. On day 1, the cells were washed once with 1 × PBS and replenished with 2 mL of differentiation media 1, which contained basal media with 2.5% FBS and 10 µM RA. Media were changed every other day. The cells were split on day 7 and re-plated with 2 mL of differentiation media 1. On day 8, cells were replenished with 2 mL of differentiation media containing basal media supplemented with 1% FBS and 10 µM RA. Cells were split and re-plated on polylysine-coated dishes on day 10, while 2 mL of differentiation media 3, which was made up of neurobasal media supplemented with 50 ng/mL recombinant nerve growth factor (rNGF), 50 ng/mL brain-derived neurotropic factor (BDNF), 1× B-27 supplement, 20 mM KCl, 2 mM glutamine, 1× pen/strep, 2 mM dibutyryl-cyclic AMP (db-cAMP), and 10 µM RA, was added on day 11. The media wash was changed every other day until day 17 or 18. Differentiated cells were maintained in differentiation media 3 until the experiments. Differentiated neurons were confirmed by staining with anti-Tuj1 antibody 1:100 dilution (MA1-118, Invitrogen, Thermo Fisher, Waltham, MA, USA) followed by secondary staining with Alexa Fluor 488 conjugated anti-mouse IgG (A32723, Invitrogen, Thermo Fisher, Waltham, MA, USA) and anti-NeuN antibody (ab190565, Abcam, Cambridge, UK) at a dilution of 1:2000. The stained images were acquired by Nikon Epi-Fluorescence Microscope (Nikon, Tokyo, Japan) and processed by NIS-Element imaging software (v4.0, Nikon, Tokyo, Japan).

2.3. Scratch Assay {#sec2dot3-cells-07-00250}
------------------

The functional differentiation of neuronal cells was confirmed on day 18 with a simple scratch assay to check the migration pattern. Nonproliferating and diminished migration are the differentiation hallmark in adult neurons. Briefly, a scratch was made on day 18 on confluent cells undergoing differentiation with a 100 µL sterile tip and incubated for 24 h. The migrated cells were enumerated and compared with non-migrated cells. Inhibition migration marks neuronal differentiation \[[@B20-cells-07-00250]\].

2.4. Human Umbilical-Cord Blood Mesenchymal Stem Cells (UCBMSCs) {#sec2dot4-cells-07-00250}
----------------------------------------------------------------

Our lab has long been using MSCs from umbilical-cord blood and we have a standardized protocol for MSC isolation. Briefly, mononuclear cells from 11 pooled UCB samples were isolated by using Ficoll-Paque (GE Healthcare Life Sciences, Milan, Italy) density gradient centrifugation. After overnight incubation, adherent cells were further washed with 1× PBS and cultured for 2 weeks in a MesenPRO RS medium (Gibco, Thermo Fisher, Waltham, MA, USA) at 37 °C, in 5% CO~2~ in a humidified atmosphere. Post confluence, UCB MSCs were enriched for CD73, CD29, and CD105 using positive selection magnetic-cell sorting, and purity was enumerated by acquiring in Beckman Coulter Novus flow cytometer (Indianapolis, IN, USA). The purity is determined by presence MSCs which are positive for CD105 and CD90 expression, and negative for CD34 and CD45 \[[@B21-cells-07-00250]\].

2.5. In Vitro Cerebral Ischemia {#sec2dot5-cells-07-00250}
-------------------------------

The in vitro cerebral ischemia microenvironment characterized by hypoxia and hypoglycemia was induced by the oxygen-glucose deprivation method carried out for a specific period of time, described elsewhere \[[@B22-cells-07-00250]\]. Briefly, on day 18, neuronal differentiated SH-SY5Y cells were grown overnight in 24-well tissue-culture plates. The cells were briefly washed with HBSS buffer and replenished with glucose-free basal media pre-bubbled with 100% N~2~ for 30 min. The plates were sealed with Vaseline to prevent exchange of gases and incubated at 37 °C for 5 h. Reperfusion, on the other hand, is the restoration of the regular culture conditions of 37 °C at 5% CO~2~ and 95% humidity, with normal neuro-growth media supplemented with growth factors for 24 h.

2.6. In Vitro Differentiated Neuronal Cells and MSCs Coculture Experiments {#sec2dot6-cells-07-00250}
--------------------------------------------------------------------------

Briefly, the differentiated neuronal cells grown in 24-well plates were subjected to stress by the oxygen-glucose deprivation method as described above. Post-ischemic stress, the cells were rescued by plating 1.5 × 10^4^ MSCSs on the cell-culture insert (Nunc 24-well plate insert, 0.4 µM pore size) and incubating for 24 to 48 h. During reperfusion, DMEM conditioning media containing 10% FBS and 1× pen/strep were used.

2.7. Enzyme Linked Immunosorbent Assay (ELISA) {#sec2dot7-cells-07-00250}
----------------------------------------------

Proinflammatory (TNF-α, L-1β and IL-12) and anti-inflammatory (TGF-β, IL-6, and IL-10) cytokines (R and D systems, Minneapolis, MN, USA and Elab science, Houston, TX, USA), and serotonin (ab133053, Abcam, Cambridge, UK) were assessed by ELISA as per manufacturer instructions. Briefly, cell-culture supernatants from the control, stressed, and MSCs coculture experiments were subjected to the ELISA. Background cytokine and serotonin levels were separately assessed only from MSCs that were subtracted for coculture experiments.

2.8. Cell-Death Assay {#sec2dot8-cells-07-00250}
---------------------

The cell-death assay was carried out by staining 10^5^ cells each from the experimental and control groups with 7-amino-actinomycin D (7-AAD), CD 73 PE (for the MSCs coculture group) as per standard surface-staining protocol. The cells were then immediately acquired using a BC Novus flow cytometer (Indianapolis, IN, USA) and data were analyzed using Beckman Coulter Kaluza software (v1.2, Brea, CA, USA). The CD73+ve cells were negatively excluded, and then neuronal cell death was evaluated. Quantification was expressed as percent (%) using Graph Pad Prism V (v5.0, San Diego, CA, USA).

2.9. Real-Time PCR {#sec2dot9-cells-07-00250}
------------------

Antioxidant enzymes superoxide dismutase 1 (SOD1), catalase (CAT), and glutathione peroxidase (GPx) were assessed at mRNA levels using real-time PCR. Real-Time Taq Man Gene Expression Assays from Applied Biosystems (Foster City, CA, USA), SOD1 (assay ID Hs00166575_m1), CAT (assay ID Hs00937395_m1), GPx (assay ID Hs00829989_gH), human β-actin (assay ID: Hs99999903_m1), for neuronal differentiation, neuronal nuclei NeuN (assay ID Hs01370653_m1 and Glyceraldehyde 3-phosphate dehydrogenase GAPDH (assay ID Hs03929097_g1) were used as per standard instructions. Briefly, RNA was isolated from the control, stressed, and MSCs-cocultured cells using the RNeasy Mini Kit (Qiagen, Venlo, The Netherlands). Two-hundred nanogram RNA was used for subsequent cDNA synthesis with the High-Capacity cDNA Reverse-Transcription Kit (Applied Biosystems, Foster City, CA, USA). PCR amplification was carried out in triplicates using BioRad Real-Time detection system (Bio-Rad Laboratories, Hercules, CA, USA). mRNA expression levels were normalized to endogenous control human β-actin for antioxidant enzymes and GAPDH for NeuN. Reactions with no cDNA templates served as negative controls. Relative expression was calculated with the double-delta Ct method and data plotted with Graph Pad Prism V (v5.0, GraphPad Software, San Diego, CA, USA). All experiments included negative controls containing no cDNA template.

2.10. Annexin V Assay {#sec2dot10-cells-07-00250}
---------------------

The early and late apoptotic cell accumulation assay was performed using an Annexin V Detection Kit from e-Biosciences (Thermo Fisher Scientific, Waltham, MA, USA) as per manufacturer instructions. Briefly, the detached cells from the experimental and control groups were incubated with 0.25 µg/mL Annexin V reagent in 1x binding buffer for 15 min followed by 2 washes with a wash buffer. Cells were resuspended in the binding buffer containing 0.5 µg/mL propidium iodide, 10,000 events were acquired immediately using Beckman Coulter Novus Flow Cytometer (Indianapolis, IN, USA) and data were analyzed using Kaluza software (v1.2, Brea, CA, USA). Early- and late-phase apoptotic cells were segregated with a quadriplot graph and the total percentage of apoptotic cells was represented using Graph Pad Prism software V (v5.0, GraphPad Software, San Diego, CA, USA).

2.11. \[Ca^2+^\]i~c~ Assay {#sec2dot11-cells-07-00250}
--------------------------

A Fluo-4 NW Calcium Assay Kit from Molecular Probes Cat \#F36206 Thermo Fisher Scientific (Waltham, MA, USA) was used to assess the intracellular calcium. Briefly, the differentiated neuronal cells at all experimental conditions (control, stress, and MSCs coculture) were removed from the 24-well experimental format by gently using a rubber policeman. Then, the cells were transferred at a concentration of 10^5^ cells on 96-well tissue culture plates and left for 4 h to adhere. After incubation, the medium was removed and the cells were incubated for 45 min at 37 °C in 100 μL of a loading dye. The plates were read with the spectrometer on a setting of 494 nm excitation and 516 nm emission. The experiments were performed in tetrads. The data were analyzed and plotted using Graph Pad Prism 5 software (v5.0, GraphPad Software, San Diego, CA, USA) \[[@B23-cells-07-00250]\].

2.12. ROS Assay {#sec2dot12-cells-07-00250}
---------------

ROS were evaluated by flow cytometry. Briefly, 10^5^ from the control, stressed, and MSCs coculture cells were each stained with 10 μM 2′,7′-dichlorofluorescein diacetate (H2DCF-DA) (Molecular Probes Cat \#D399 Thermo Fisher Scientific, Waltham, MA, USA), as per manufacturer instructions. The cells were acquired immediately using a Beckman Coulter Novus flow cytometer (Indianapolis, IN, USA), and data were analyzed using Beckman Coulter Kaluza software (v1.2, Brea, CA, USA). Quantification was expressed as a percentage using Graph Pad Prism V (v5.0, GraphPad Software, San Diego, CA, USA) \[[@B24-cells-07-00250]\].

2.13. Western Blot {#sec2dot13-cells-07-00250}
------------------

The neuronal differentiated control, stressed, and MSCs coculture cells were lysed using a radioimmunoprecipitation assay buffer (RIPA) buffer (50 mM Tris--HCl (pH 7.4), 150 mM NaCl, 0.25% deoxycholic acid, 1 mM EDTA, 1% NP-40, protease inhibitor cocktail (complete; Roch and 1 mM PMSF)). Ten micrograms of total protein was subjected to SDS--PAGE and transblotted onto a nitrocellulose membrane, blocked with 3% bovine albumin serum in Tris buffered saline (pH 7.4) with 0.1% Tween 20 (TBS-T) for 2 h and incubated overnight at 4 °C with antibody against anti-NFκB, COX--2, and β-actin (Sigma--Aldrich, St. Louis, MO, USA). Band quantification was performed using Image J (1.8.0, NIH, WI, USA) and normalized with β-actin.

2.14. Statistical Analysis {#sec2dot14-cells-07-00250}
--------------------------

Unless specified, laboratory experimental data were obtained from a minimum of 3 repeats at different time periods. The data are expressed as mean ± SE, and statistical significance was evaluated via one-way analysis of variance (ANOVA), Student's *t*-test, and nonparametric Kruskal--Wallis test. A *p* value of \<0.05 was considered statistically significant. Data were plotted with Graph Pad Prism (v5.0, GraphPad Software, San Diego, CA, USA).

3. Results {#sec3-cells-07-00250}
==========

In the current study, the MSCs pooled from umbilical-cord blood (n = 11) were isolated by CD105 + CD73 + CD29 positive selection, which gave a purity of more than 97% ([Figure 1](#cells-07-00250-f001){ref-type="fig"}). Absence of the CD34 and CD45 positive cells in the sorted fraction proved that the cells used were a homogeneous suspension of MSCs ([Supplementary Figure S1](#app1-cells-07-00250){ref-type="app"}). These cells were used for the coculture experiments. Functional differentiation of neuronal cells from SH-SY5Y cells was demonstrated with morphological changes ([Figure 2](#cells-07-00250-f002){ref-type="fig"}A--D). The differentiated cells were confirmed with expression of Tuj1 and NeuN ([Figure 2](#cells-07-00250-f002){ref-type="fig"}E and [Supplementary Figure S2B](#app1-cells-07-00250){ref-type="app"}) and mRNA expression of NeuN in the differentiated cells ([Supplementary Figure S2B](#app1-cells-07-00250){ref-type="app"}). The neuronal-differentiated cells showed diminished or no migration, when compared to the neuroblastoma phenotype of the original SH-SY5Y cells. Cessation of migration determined by a simple scratch assay ([Figure 2](#cells-07-00250-f002){ref-type="fig"}F) further confirmed the neuronal differentiation.

3.1. MSCs Coculture Alleviates Neuronal Ischemia Characterized by NF-κB-Mediated Proinflammatory Cytokines {#sec3dot1-cells-07-00250}
----------------------------------------------------------------------------------------------------------

We first investigated whether proinflammatory cytokines were elevated in neuronal cells under stress. Although many studies have significantly demonstrated the role of cytokine status in inflammation, we felt that, depending upon the mode of stress acquisition, the role and, thereby, the levels of pro and anti-inflammatory cytokines may differ. Based on the results, it was evident that many of the assessed proinflammatory and anti-inflammatory cytokines ([Figure 3](#cells-07-00250-f003){ref-type="fig"}A,B) in the post stress culture supernatant were either elevated (\~35-fold for TNF-α 15-fold for IL-1β and 11-fold for IL-12) or diminished (TGF-β 4-fold, IL-6 1-fold, and IL-10 \~7-fold) respectively compared to controls. The rescue of characteristic inflammatory phenotype was restored with MSCs coculture This resulted in significantly upregulated ([Figure 3](#cells-07-00250-f003){ref-type="fig"}B) anti-inflammatory cytokines (17-fold for TGF-β 4-fold for IL-6, and 13-fold for IL-10,) and considerably downregulated proinflammatory cytokines (35- to 21-fold in TNF-α from 15- to 8-fold in IL-1β and from 11- to 4-fold in IL-12 ([Figure 3](#cells-07-00250-f003){ref-type="fig"}A) as observed.

We then checked whether higher levels of proinflammatory cytokines were mediated by NF-κB activation. Our Western-blot results showed elevated NF-κB ([Figure 3](#cells-07-00250-f003){ref-type="fig"}C) expression when compared with the control cells. In order to substantiate inflammation associated with the NF-κB pathway, we measured COX-2 expression, an important proinflammatory enzyme promoting neuroinflammation and pain. We observed one-fold increase in the expression of COX-2 when compared to the control ([Figure 3](#cells-07-00250-f003){ref-type="fig"}C). Decreased expression of NF-κb and COX-2 was observed in stressed cells, when cocultured with MSCs indicating the rescue of anti-inflammatory cytokines. Results showed that higher cytokine expression coincided well with elevated NF-κB and COX-2 expression during cellular stress and their rescue with MSCs coculture.

3.2. Inflammatory Neuronal Cell Death Characterized by Low Antioxidant Enzymes and Free-Radical Increase are Rescued by MSCs Coculture {#sec3dot2-cells-07-00250}
--------------------------------------------------------------------------------------------------------------------------------------

We next investigated the impact of proinflammatory cytokines on antioxidant enzymes and ROS. mRNA expression of antioxidant enzymes SOD1, GPx, and CAT at cellular levels ([Figure 4](#cells-07-00250-f004){ref-type="fig"}) were determined. Though the lower expression of antioxidant enzymes under stress were observed and well correlated with increased proinflammatory cytokines and factors (NF-κB and COX-2), the MSCs coculture experiments showed significant higher SOD1 expression with no effect on CAT and GPx. Since only SOD1 responded to MSCs coculture rescue, we next measured the cellular ROS. Our results showed 55.94% ROS accumulation in cells under stress ([Figure 5](#cells-07-00250-f005){ref-type="fig"}A,B), while a reversal or significant reduction of ROS to 21.5% ([Figure 5](#cells-07-00250-f005){ref-type="fig"}C,D) was observed with rescue experiments.

Further, to substantiate ROS accumulation is detrimental leading to apoptotic neuronal cell death, we measured apoptosis and cell death in two different experiments to clearly delineate the cells that undergo apoptosis and eventually die. The results of annexin V/PI staining showed around 45% accumulation of early (E)- and late (L)-phase apoptotic cells in the stressed group ([Figure 6](#cells-07-00250-f006){ref-type="fig"}) which was reduced to ˂25% (E + L) apoptotic cells upon MSCs coculture. Subsequently, the percent cell death in the stress group, which was 40.94%, diminished to 17.35% in the rescue indicating cell death through apoptosis ([Figure 7](#cells-07-00250-f007){ref-type="fig"}A--C).

3.3. Elevated Serotonin Release as Altered Neuronal-Cell function is Resuced Upon \[Ca^2+^\]~i~ Regulation by MSCs Coculture {#sec3dot3-cells-07-00250}
----------------------------------------------------------------------------------------------------------------------------

The increase in cellular ROS by 55.94% in stressed cells ([Figure 5](#cells-07-00250-f005){ref-type="fig"}A,B) was well-characterized by five-fold-increased basal \[Ca^2+^\]~i~ ([Figure 8](#cells-07-00250-f008){ref-type="fig"}) and about nine-fold corresponding serotonin exocytosis. Altered neuronal function during neuroinflammation is characterized by ROS mediated \[Ca^2+^\]~i~ dependent serotonin release. The ROS source that was detrimental and promoted apoptosis was dependent on abnormal Ca^2+^ homeostasis observed during cellular stress. Indeed, neuronal cell functions during ischemic stages need to be evaluated in order to understand neuronal-cell function limitations. Therefore, we measured \[Ca^2+^\]~i~ and serotonin levels, which become calcium channel-dependent processes since an increase in \[Ca^2+^\]~i~ skews the cells to release serotonin by exocytosis. Our results clearly showed five-fold elevation in \[Ca^2+^\]~i~ levels during stress ([Figure 8](#cells-07-00250-f008){ref-type="fig"}), while the same was reduced significantly in MSCs cocultures, to three-fold. Similarly, high serotonin levels correlated with \[Ca^2+^\]~i~ while gradual restoration of \[Ca^2+^\]~i~ levels during the MSCs coculture caused a significant reduction in serotonin exocytosis down to four-fold in culture supernatants ([Figure 8](#cells-07-00250-f008){ref-type="fig"}).

4. Discussion {#sec4-cells-07-00250}
=============

It was demonstrated by some important studies that neuronal cell death during cerebral ischemia occurs via cytokine-mediated transcriptional regulation of inflammatory signals. Upregulation of inflammatory cytokines results in an increase in \[Ca^2+^\]~i~ and \[Ca^2+^\]~m~, which facilitate ROS of both general and mitochondrial origin to skew the cell toward alterations of cellular bioenergetics, including apoptosis \[[@B25-cells-07-00250]\]. Although the central dogma of neuroinflammation is well understood, functional restoration of neuronal cells has always been questioned. In the current study, we intended to restore neuronal cell function by coculturing them with MSCs, which are known for a variety of modulatory functions. The standard retinoic acid protocol for the differentiation of SH-SY5Y cells to an adult neuronal cell type worked well, and results were consistent with already published reports \[[@B26-cells-07-00250],[@B27-cells-07-00250],[@B28-cells-07-00250],[@B29-cells-07-00250]\]. Instead of assessing neuronal differentiation markers, we functionally determined the transformation into adult neuronal cells by checking their ability to migrate since neuroblastoma is well known to migrate. At the end of retinoic acid differentiation, cells that had morphologically changed to neuronal structures did not migrate, which was in agreement with other published studies.

The very purpose of the current investigation was to therapeutically manage neuroinflammation that occurs as part of cerebral ischemia or stroke. As MSCs are known for modulating pathological tissue to rescue phenotypes \[[@B30-cells-07-00250]\], we used MSCs cocultures in restoration of neuronal stress in ischemic conditions.

4.1. Glucose-Oxygen Deprivation Model Induced NF-kB-Mediated Inflammation in Neuronal Cells {#sec4dot1-cells-07-00250}
-------------------------------------------------------------------------------------------

NF-κB is ubiquitously expressed in neurons, and activation is associated with the processing of neuronal information \[[@B31-cells-07-00250]\]. We know that NF-κB is activated by varied responses, including inflammation \[[@B32-cells-07-00250]\]. It is clear from our results that inflammation is characterized by elevated proinflammatory cytokines, such as TNF-α and IL-1β and -12. At the molecular level, NF-κB-mediated neuroinflammation is known to transcriptionally regulate the expression of proinflammatory cytokines and induce expression of proinflammatory enzymes such as cyclooxygenases (COX-2). The higher expression of NF-κB, proinflammatory cytokines, and enzymes in the stressed group was in agreement with reports already published in the literature \[[@B33-cells-07-00250],[@B34-cells-07-00250],[@B35-cells-07-00250]\]. The purpose of adding COX-2 with NF-κB was to demonstrate that the latter regulates the expression of the former by adding more proinflammatory factors at membrane levels \[[@B34-cells-07-00250]\]. From our results, it was evident that COX-2 expression had a proportional increase with NF-κB, as reported by other studies, which implicates its role in neuroinflammation in the brain rather than in the periphery. Many studies have reported upregulated expression of COX-2 during neuronal stress, which was in agreement with our observations that NF-κB largely regulates proinflammatory enzymes, along with cytokines and other cellular factors \[[@B36-cells-07-00250],[@B37-cells-07-00250],[@B38-cells-07-00250],[@B39-cells-07-00250]\].

Inhibition of anti-inflammatory cytokines (TGF-β and IL-6 and -10) in the stressed groups further confirmed that inflammation induced by glucose-oxygen deprivation is mediated through NF-κB pathways. In addition, induction of early and late apoptosis and enhanced cell death in stressed cells need to be examined, as cell-death turnout was less compared to the 70% accumulation of both the early- and late-phase apoptotic cells. We further speculate that necrotic death can also occur as an alternative pathway with the same factors inducing apoptosis (necroptosis), while the induction of autophagy as a survival mechanism \[[@B40-cells-07-00250]\] could also be the reason for the accumulation of later-phase apoptotic cells as observed in our study. Furthermore, it should be noted that neurons could undergo diverse forms of cell death in response to varied stress signals.

4.2. High ROS Levels Characterized by Elevated \[Ca^2+^\]~i~ Skew Neuronal Cells to Apoptosis {#sec4dot2-cells-07-00250}
---------------------------------------------------------------------------------------------

ROS accumulation is the major player in skewing cells toward death. Normally, physiological ROS levels are continuously produced in neuronal cells and are balanced by endogenous free radical-scavenging enzymes. However, excessive ROS (both of global and mitochondrial origin) during stress can be detrimental to neuronal cells \[[@B41-cells-07-00250]\]. Excessive ROS are further attributed to increased \[Ca^2+^\]~i~ levels released by the calcium store (endoplasmic reticulum (ER)) during inflammation \[[@B42-cells-07-00250]\]. Our previous publications on cellular and bioenergetics models \[[@B21-cells-07-00250],[@B43-cells-07-00250],[@B44-cells-07-00250]\] have shown the increase in basal \[Ca^2+^\]~i~ that, in turn, increases ROS production, as observed in our results. This may be due to mitochondrial Ca^2+^ buffering action, which, in turn, resulted in ΔΨ~m~ depolarization, promoting ROS production and subsequent apoptosis \[[@B43-cells-07-00250]\]. Accumulation of early and late apoptotic cells observed in our results was well in agreement with this logic, in which ROS mediate apoptosis. Nonetheless, it is known that Ca^2+^ is a second messenger that mediates intra- and extracellular signals, which physiologically control cellular activity \[[@B45-cells-07-00250]\]. The interaction of Ca^2+^ with other signaling cascades, such as ROS, at subtoxic levels constitutes several normal cellular mechanisms. Elevated Ca^2+^ levels, both at cytosolic and mitochondrial levels, become detrimental with increased noninhibited, non-scavenged, or nondegraded oxidants \[[@B46-cells-07-00250]\]. Hence, we decided to check antioxidant enzyme expressions at mRNA level to examine whether ROS scavenging produced during neuroinflammation was protective.

Many of the biochemical and molecular factors that are upregulated during neuronal cell death or apoptosis induction are not uniformly observed and vary with stimulants and the severity of cellular stress \[[@B47-cells-07-00250]\]. One such observation demonstrated that post-inflammatory responses mediated by NF-κB were the altered expression of oxidant-scavenging enzymes such as SOD1, CAT, and GPx. From our results, it was evident that, except for SOD1, we did not observe an increase in CAT or GPx activity as reported by many studies \[[@B48-cells-07-00250],[@B49-cells-07-00250]\]. We may have missed the exact time points of expression of such oxidant scavengers, or a missing link that is transcriptionally controlling antioxidant-enzyme expression. However, SOD1 expression in our study was in agreement with other published reports in the literature \[[@B50-cells-07-00250],[@B51-cells-07-00250]\] and clearly demonstrated the production of superoxide O~2~^−^ and the need for its catalytic degradation into H~2~O~2~ and O~2~. This further explains the possible relationship and involvement of mitochondrial dysfunction, thus promoting apoptosis in neuroinflammation.

4.3. MSCs Coculture Rescues Stressed Neuronal Cells from Apoptosis {#sec4dot3-cells-07-00250}
------------------------------------------------------------------

Our initial study objective was to assess whether MSCs cocultures would rescue stressed cells to the extent that they withstood injury associated with reperfusion (reoxygenation) due to therapeutic measures. MSCs are well-known for their modulating activities \[[@B52-cells-07-00250]\] especially through either direct integration \[[@B53-cells-07-00250]\] or secreting molecular signals, which, in turn, transcriptionally regulate the host system to sustain stress signals \[[@B54-cells-07-00250]\]. In many instances, we do not know exactly how MSCs prime-stressed cells; however, MSCs, which were added at the end of oxidative-stress stimulant episodes, clearly and rapidly rescued stressed cells rather than the regular conditioning medium used for longer periods. Further cell loss was relatively lower when compared with higher cellular loss observed with a conditioning medium \[[@B55-cells-07-00250]\]. In our case, MSCs cocultures resulted in the rescue of anti-inflammatory cytokines, which were diminished during stress. This was well noted in many other studies and it is key to understanding that rescue is initiated through the upregulation of anti-inflammatory cytokines. On the other hand, downregulation of pro-inflammatory cytokines, transcriptional inducer NF-κB, and downstream COX-2 is evidence of cell restoration from the apoptotic phenotype \[[@B56-cells-07-00250]\]. It has to be noted that an in vitro coculture does not fully satisfy in vivo conditions and we could not thereby foresee complete reversal of neuronal cells to normal levels at the given experimental time points. It has to be further noted that MSCs transplantation or mobilization in real time signals the regeneration of the damaged cells or initiates the repair process \[[@B57-cells-07-00250]\]. Some coculture studies with other cell types, like activated macrophages, diminished the expression of IL-12 and TNF-α which was well in agreement with our observations.

Downregulation of NF-κB expression and, thereby, reversal of the inflammatory factors observed in our study can be linked to MSCs activation by proinflammatory cytokines and the stem-cell factor (SCF) \[[@B58-cells-07-00250],[@B59-cells-07-00250]\]. It is of note that the SCF is neuroprotective and known to regulate expression of antiapoptotic proteins, such as Bcl-2 and Bcl-xl \[[@B58-cells-07-00250]\]. Furthermore, the link between NF-κB and COX-2 observed in our study was totally mediated by MSCs inhibiting COX-2-dependent cell death. The evidence for rescue from an inflammatory phenotype was observed due to the reduction in apoptotic-cell accumulation and, thereby, cell death during the MSCs coculture. In the inflammation pathway, the role of oxidant-degrading enzymes is an important milestone, which is well-regulated by mediators like cytokines and transcriptional regulators. Our results showed that only SOD1 is active and expressed at mRNA levels, while CAT and GPx did not show any significant changes, even in MSCs cocultures. It is well known from the literature that SOD1 is the most abundant and powerful antioxidant enzyme catalyzing ROS conversion along with completing the action of CAT \[[@B50-cells-07-00250]\]. Although all three enzymes were observed in all cells, we did not observe any significant changes in CAT and GPx. This may be due to antioxidant compensation in MSCs resulting in non-expression of the endogenous CAT and GPx enzymes, or simply that SOD1 supersedes the other antioxidants.

To substantiate the reversal claim, the MSCs coculture drastically reduced basal elevated \[Ca^2+^\]~i~ and, subsequently, ROS. Inflammatory-cell rescue to normal or near-normal levels has been reported previously by many studies, including ours \[[@B10-cells-07-00250],[@B60-cells-07-00250],[@B61-cells-07-00250],[@B62-cells-07-00250]\] with more emphasis on mitochondrial involvement. It should be noted that ROS and calcium interactions are bidirectional, as calcium is essential for ROS promotion, while the latter are a potent regulator of calcium signals \[[@B63-cells-07-00250]\]. Addressing the functional nature of neuronal cells, and the entire inflammatory process being Ca^2+^-dependent, we showed serotonin release that was proportional to \[Ca^2+^\]~i~ homeostasis. It is well known that serotonin exocytosis, in addition to its neurotransmitter functions, is dependent on cellular Ca^2+^ levels. Physiologically low serotonin is associated with depression, while excessive expression of serotonin is taken up by surrounding glia in vivo \[[@B64-cells-07-00250],[@B65-cells-07-00250]\]. Our results also showed serotonin release was a Ca^2+^-dependent process with \[Ca^2+^\]~i~ restoration. Controlling ROS with MSCs drastically reduced their release, indicating that the cells that were stressed upon, producing more neurotransmitters, had returned to physiological levels.

5. Conclusions {#sec5-cells-07-00250}
==============

It was evident that MSCs cocultured with stressed neuronal cells can alleviate the harmful effect of ischemia-mediated oxidative stress and apoptosis. MSCs function by promoting anti-inflammatory cytokines and improving the expression of oxidant-scavenging enzymes, such as SOD1. Further inflammatory phenotype rescue was characterized by the reversal and restoration of inflammatory mediators such as NF-κB, COX--2, Ca^2+^, and ROS in MSCs coculture experiments. The control of elevated serotonin release against \[Ca^2+^\]~i~ homeostasis curbed by MSCs provides insight into the functional restoration of neuronal cells.
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![Purity and enrichment of umbilical-cord mesenchymal stem cells (MSCs) using positive selection for CD90/CD105/CD73 cocktail and subjected to phenotypic identification using anti CD105 antibody tagged with Phycoerythrin (PE) in the x-axis and anti CD90 antibodies labelled with Fluorescein isothiocyanate (FITC) flurochormes in y-axis. The left figure is pre-positive selection showing only 12.4% of CD90/CD105 double positive cells in the mononuclear fraction isolated from umbilical-cord blood and the right figure shows the enrichment of about 97.2% CD90/CD105 double positive MSCs after positive selection.](cells-07-00250-g001){#cells-07-00250-f001}

###### 

Characterization of neuronal differentiation. (**a**) Undifferentiated SH-SY5Y cells. (**b**--**d**) Differentiation of SH-SY5Y cells showing 4th day and 12-day differentiation. Day 12 differentiation is shown in two modes for better appreciation of the neurite growth. (**e**) Expression of neuronal differentiation marker Tuj1 and NeuN in differentiated cells. The first picture shows the expression of Tuj1 followed by NeuN nuclear expression and combined Tuj1 and NeuN. (**f**) Scratch assay showing stunted migration of differentiated SH-SY5Y cells to adult neuronal cells. Migration was assessed from day 18 differentiated re-plated cells.

![](cells-07-00250-g002a)

![](cells-07-00250-g002b)

![Inflammatory mediator status pre- and post-MSCs coculture. (**a**) Levels of elevated TNF-α, IL-1β, and IL-12 during stress and rescued post-MSCs coculture. (**b**) Anti-inflammatory TFG-β, IL-6, and IL-10 cytokine status during stress and post-MSCs coculture. (**c**) Left panel shows Western blot of NF-κB, COX-2, and β-actin expression. Right panel is blot-band quantification using Image J densitometry. Relative protein expression of NF-κB and COX-2 of the stressed group are compared with the control and rescue groups. Bar represents mean ± SEM, \* *p* \< 0.05, \*\* *p* \< 0.01, \*\*\* *p* \< 0.001; significant; *n* = 3.](cells-07-00250-g003){#cells-07-00250-f003}

![Antioxidant enzyme expression in control (**A**), stressed neuronal cells (**B**) and stressed neuronal cells + MSCs coculture rescue (**C**). The mRNA expression of SOD1, CAT, and GPx was normalized with internal housekeeping gene β-actin and compared to the control. Values are expressed as mean ± SEM, \* *p* \< 0.05, significant; *n* = 3.](cells-07-00250-g004){#cells-07-00250-f004}

![Elevated reactive oxygen species (ROS) characterize proinflammation. (**a**) ROS status of control (A) and stressed neuronal cells (B). (**b**) ROS quantification in the control (A) and stressed neuronal cells (B). (**c**) ROS levels in the control (A) and stressed neuronal cells + MSCs coculture rescue (C). (**d**) ROS quantification in the control (A) and stressed cells + MSCs coculture rescue (C). Bars represent mean ± SEM, \* *p* \< 0.05, \*\* *p* \< 0.01; significant; *n* = 3--5.](cells-07-00250-g005){#cells-07-00250-f005}

![Annexin V/PI assessment of early and late apoptotic cells shown as flow quadrants. Lower figure shows the percentage of early- and late-phase cells in the experimental groups of (**A**) control (**B**) stressed neuronal cells and (**C**) stressed neuronal cells + MSCs coculture rescue. Values are expressed as mean ± SEM, \* *p* \< 0.05 significant; *n* = 3.](cells-07-00250-g006){#cells-07-00250-f006}

![Cell-death assessment using 7-aminoactinomycin D \[7-AAD\]. The first two flow histograms, from left to right, are the gating strategy used for segregating the MSCs that would have squeezed through the insert into the coculture experiments. MSCs are excluded from total cell death by negative gating and exclusion. Lower histograms show the cell death percentage of the experimental groups (**A**) control (neuronal cells without stress), (**B**) stressed (neuronal cells which has been under stress), and (**C**) MSC coculture (the rescue of the stressed neuronal cells by coculturing MSC through insert). Quantification and percent cell death are shown in the upper-right corner figure. Bars represent mean ± SEM, \* *p* \< 0.05, significant; *n* = 3.](cells-07-00250-g007){#cells-07-00250-f007}

![Intracellular calcium concentration and serotonin release were parallel. Increase in \[Ca^2+^\]~i~ during stress resulted in high serotonin release which was significantly reduced with MSCs rescue. Depiction shows that \[Ca^2+^\]~i~ regulates serotonin release with experimental groups in x-axis against the quantitative levels of Ca^2+^ and Serotonin expressed as folds in y-axis. Values are expressed as mean ± SEM, \*\* *p* \< 0.01, \*\*\* *p* \< 0.001; significant; *n* = 3.](cells-07-00250-g008){#cells-07-00250-f008}
